Objective: Study on the application of high pressure processing (HPP) for dark-firm-dry (DFD) beef was conducted to observe whether HPP has any impact on physical properties and to evaluate oxidative deterioration during refrigerated storage under vacuum.
INTRODUCTION
High pressure processing (HPP) has been widely applied as a cold-pasteurization process in the food industry without deteriorating nutritional content and to obtain extended stability of food freshness. In meat industry, HPP is commonly used to extend the shelf-life of ready-toeat meat products. Many studies have been conducted to observe whether HPP gives any impact on functional properties, nutritive values and microbiological quality of the meat and meat products [1, 2] .
Color is one of the most important raw meat quality attributes that affect consumer preferences when purchasing [3] . Dark-firm-dry (DFD) beef is known for having undesirable color [4] . On the other hand, color stability in high pressurized meat has been an issue for decades. Studies on the discoloration and myoglobin oxidation of normal minced beef treated with HPP have been conducted previously by Carlez et al [5] . However, the effect of HPP on the surface color of DFD beef remains unknown.
The oxidation of lipid and protein generates off-flavors and color changes in pressurized muscle foods [6] . A recent comprehensive review by Medina-Meza et al [7] has highlighted temperature and pressurization time as main factors affecting the lipid oxidation of food treated with this technology. Meat antioxidant enzymes such as catalase, superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) are naturally produced to inhibit the potential oxidation from endogenous pro-oxidants that are mostly derived from reactive oxygen species, such as superoxide anion radical (O 2 -). These enzymes are considered major antioxidant enzymes in muscle and their concentrations influence lipid oxidation rate [8] . The decline rate of antioxidant enzyme activity was found in HPP-treated dry-cured ham [9] . To the best of our knowledge, no study has yet investigated the effects of high pressure on the activity of these antioxidant enzymes in DFD beef.
It is important to further observe the use of HPP for DFD beef to better understand whether it provides benefits. The objective of this study was to investigate the effects of HPP on physical properties of DFD beef strip loin, particularly surface color and its oxidative deterioration during refrigerated storage.
MATERIALS AND METHODS

Sample and high pressure treatments
Beef strip loin (longissimus lumborum) was purchased from local slaughterhouse (Hoengsong, Korea). The strip loins were obtained from the carcasses of Friesian Holstein steers finished on pasture system and slaughtered at a similar age (33±0.5 months old). Carcasses with 24-h postmortem pH higher than 6.0 were selected and evaluated by Korean Institute for Animal Products Quality Evaluation as under grade with yield grade D [10] . The strip loin was cut into slices (350 g and 3 cm thick), vacuumpackaged in polyethylene vacuum bags (30×20 cm) and transported to a HPP plant (Hyungkuk F&B, Eumseong, Korea) in ice box within 1 h. Subsequently, vacuum-packaged samples (n = 12) were randomly separated and treated at 200, 400, and 600 MPa in a 350-L chamber (QFP 350L-600, Avure Technologies, Inc., Kent, WA, USA) using a pressurization medium of water at 15°C±2°C. Pressurization, holding and depressurization times were 56.3 s, 180 s, and 12.2 s, respectively. Samples were then stored at 4°C±1°C for 9 days under vacuum. Chemical analyses were performed in triplicate using samples at 0, 3, 6, and 9 days and compared with a non-treated sample, 0.1 MPa (atmospheric pressure), as a control. Chemicals HPLC-grade chloroform was purchased from Daejung Chemical & Metals Co. Ltd., Siheung, Korea. Distilled water (DW) was purified with a glass still (Mega-Pure System MP-11A, Corning Inc., Corning, NY, USA), and the other reagents were purchased from Sigma-Aldrich Corp., LLC., St. Lois, MO, USA.
Cooking loss, shear force and texture profile analysis The 2.5 cm thick-samples in triplicate were cooked in the polyethylene zipper bags by immersing in water bath set at 80°C for 45 min. The cooked samples were then removed off the polyethylene bags immediately, stored overnight at 2°C±2°C and weighed. Cooking loss was expressed as the percentage of weight loss during heating. The cooked samples were cut (1× 1×1 cm) into 8 pieces for each sample and subjected to texture profile analysis (TPA) and shear force measurement using TAXT2i Plus (Stable Micro Systems Ltd., Godalming, Surrey, UK). For shear force measurement, the cut sample was placed on the table, under the V blade, and was cut through as the blade moved down with a constant speed through the slit of the table (assay parameters were: pre-test speed: 2.0 mm/s; test speed: 2.0 mm/s; post-test speed: 5.0 mm/s). A cylindrical 10 mmdiameter probe was used for all TPA tests in this study at a compression rate of 80%. The sample was placed under the probe that moved downwards at a constant speed of 2.0 mm/s (pre-test), 2.0 m/s (test), and 5.0 mm/s (post-test).
Meat pH measurement
Sample pH was determined using meat slurry. First, 5 g of sample was added with 45 mL of DW in triplicate, and the samples were then homogenized at 10,000 rpm for 60 s using a homogenizer (PH91, SMT Co., Ltd., Chiba, Japan). The pH values of the homogenized samples were recorded using a pH meter (Seven Easy pH, Mettler-Toledo GmbH, Greifensee, Switzerland).
Instrumental surface color
The instrumental surface color was recorded by measuring CIE lightness (L*), redness (a*), and yellowness (b*) using a chromameter (CR-400, Konica Minolta Inc., Tokyo, Japan). The light source of illuminant C (2° observer) was calibrated with a white plate (Y = 93.6, X = 0.3134, y = 0.3194). Hue angle (h° = arctan [b*×a* -1 ]) were calculated using a data processor (DP-400, Konica Minolta Inc., Japan). Each sample was assessed at 5 different locations immediately after being removed from the vacuum bag to determine the actual retail condition of vacuum-packaged beef.
Myoglobin determination
Myoglobin content was determined from absorbance measurements of the sarcoplasmic extract, dissolved in 40 mM phosphate buffer (pH 6.8), at 525, 545, 565, and 572 nm (UV-2401 PC, Shimadzu Corp., Kyoto, Japan). Briefly, 5 g of sample was homogenized with cold phosphate buffer using a homogenizer (Ultra Turrax T25 basic, IkaWerke GmbH and Co., Staufen, Germany) at 13,000 rpm for 30 s. The homogenate was kept at 4°C for an hour, then was centrifuged at 2,800×g for 30 min (1248R, 117 Labogene, Denmark). Supernatant was filtered through 0.45 syringe filter (Hydrophilic PTFE, Advantec MFS, Inc., Dublin, CA, USA). The relative proportions (%) of oxymyoglobin (OxyMb) and metmyoglobin (MetMb) were calculated according to Krzywicki's method [11] . The presented values are the mean of triplicate measurements per sample.
Lipid oxidation
Lipid oxidation was analyzed using the 2-thiobarbituric acid reactive substances (TBARS) method by Sinnhuber and Yu [12] with slight modification. A total of 0.5 g of sample was vortexmixed with 0.1 g of antioxidant mixture (consisting of 54% propylene glycol, 40% Tween 20, 3% butylated hydroxytoluene, and 3% butylated hydroxyanisole), 3 mL of 1% TBA in 0.3% NaOH, and 17 mL of 2.5% trichloroacetic acid in 36 mM HCl. The sample was heated in a water bath (BW-20G, Biotechnical Services, Inc., North Little Rock, AR, USA) at 100°C for 30 min and then immersed in ice water for 15 min. Subsequently, 5 mL of aqueous sample was mixed with 3 mL of chloroform. The absorbance value of the upper layer was recorded at 532 nm (UV Mini 1240 PC, Shimadzu Corp., Japan) against blank after centrifuging at 2,400×g for 30 min at 4°C (1248R, Labogene, Lynge, Denmark). The result was expressed in mg of malondialdehyde (MDA) per kg of meat. Each sample was analyzed in triplicate.
Antioxidant enzymes activity measurement
Catalase (E.C. 1.11.1.6), SOD (E.C. 1.15.1.1), and GSH-Px (E.C. 1.11.1.9) were measured in aqueous meat extract dissolved in 50 mM phosphate buffer (pH 7.0 at 25°C). The extraction method was according to a procedure by Renerre et al [13] . Catalase activity was measured using a method described by Aebi [14] . First, 100 µL of filtered supernatant was mixed with 2.9 mL of 30 mM H 2 O 2 within a crystal cuvette (light path: 1 cm). The decrease in absorbance at 240 nm was recorded every 10 s for 2 min (UV-2401 PC, Shimadzu Corp., Japan). Catalase activity was expressed as U/g sample. SOD activity was determined according to the pyrogallol autoxidation method described by Marklund and Marklund [15] with modification. The optical density of a mixture consisting of 50 µL of filtered supernatant, 3.025 mL of 50 mM Tris-cacodylate-diethylenetriaminepentaacetic acid buffer (pH 8.2 at 25°C) and 50 µL of 24.8 mM pyrogallol was recorded at 420 nm every 15 s for 2 min against a blank (UV-2401 PC, Shimadzu Corp., Japan). One unit of SOD represents the amount of SOD required for the auto oxidation of 50% of the pyrogallol in the meat extract at pH 8.2 and 25°C. GSH-Px activity measurement was performed according to the enzymatic protocol by Flohé and Günzler [16] with slight modification. A total of 100 µL of filtered supernatant was mixed with 0.5 mL of phosphate buffer containing 0.001 M ethylenediaminetetraacetic acid and 0.1 M NaN 3 , 100 µL of the assay mixture containing 5 U/mL glutathione reductase in 50 mM phosphate buffer, 100 µL of 10 mM L-glutathione reduced, 100 µL of 1.5 mM nicotinamide adenine dinucleotide phosphate (NADPH) in NaHCO 3 , and 100 µL of 1.5 mM H 2 O 2 within a 10-mm precision cell (104-QS, Hellma Analytics, Müllheim, Germany) and incubated for 5 min. GSH-Px activity was measured by recording the decrease in absorbance of the incubated mixture at 340 nm over 2 min (UV-2401 PC, Shimadzu Corp., Japan). GSH-Px activity was expressed as U/g sample.
One unit represents the amount of meat extract needed to alter 1 µmol of NADPH with extinction coefficient of 6.3 at 340 nm.
Aroma pattern analysis
An electronic nose (FOX3000, Alpha MOS, Toulouse, France) was used to distinguish the effect of different levels of high pressure treatment on the aroma pattern. A total of 2 g of day 9 sample was weighed into a 10 mL-headspace vial and five replications were prepared for each level of pressure. The vials were then sealed with rubber septum (Supelco 29176-U, SigmaAldrich Corp., LLC., USA). The samples were heated at 40°C for 180 s with an agitation speed of 500 rpm. The 2.5 mL-gas in the headspace of the samples was extracted by automatic sampler syringe (HS 100, Alpha MOS, France) at 45°C, flowinjected into the carrier gas (synthetic air with a purity quotient >99.99%, pressure set at 0.5 bar) flow (150 mL/min) of the electronic nose and detected using a metal oxide sensor (MOS) array system. The sensor array was composed of 12 MOSs. The discrimination index and two-dimensional principal component analysis (PCA) were used for data processing with the Alpha Soft version 8.01.
Statistical analysis
A 4×4 factorial design with three replicates was employed with pressure rates and storage period as the main effects, using two-way analysis of variance (ANOVA) for pH, color, myoglobin relative proportion, lipid oxidation and antioxidant enzyme activity. Cooking loss, shear force and texture profile data were statistically analyzed using one-way ANOVA with pressure rates as the main effect. The statistical significance of the differences between the means from different treatments was determined by Duncan's multiple range test. The p values of less than 0.05 were regarded as significant. Analyses were performed using R-version 3.2.0 with the "Agricolae" library (The R-foundation for Statistical Computing, Vienna, Austria).
RESULTS AND DISCUSSION
Cooking loss, tenderness and texture profile The significant effect of HPP on cooking loss is shown in Table  1 . The cooking loss increases as the level of pressure increases. HPP at 600 MPa led to higher weight loss (43.7%) after cooking at 80°C for 30 min than those treated at 200 MPa and control. McArdle et al [1] reported that higher cooking loss was observed in beef pectoralis profundus treated at 300 and 400 MPa and at lower temperature set during pressurization (20°C). The effect of HPP itself on cooking loss was found to be dependent on temperature used during pressurization. The water-binding ability of meat is related with the solubility of sarcoplasmic protein. Marcos et al [17] found that HPP significantly lowered sarcoplasmic protein solubility in beef longissimus muscles. In addition, the reduction of reactive sulfihydril content by HPP decreases sarcoplasmic protein solubility [18] .
No significant differences were found on hardness, springiness, cohesiveness, gumminess and chewiness of both non-treated and treated cooked samples. However, the significant decrease in shear force value was found in all HPP-treated samples as shown in Table 1 . In contrast with our results, Jung et al [19] reported that HPP at 325 MPa and higher at 10°C with holdingtime of 260 s resulted muscle shortening through ultrastructural modifications in post-rigor beef biceps femoris such as M-line and H-zone breakdown, an increase in solubilization of myosin light chains and an increase in myofibrillar size that were associated with toughness. The differences in meat part, pH (rigorphase) and longer holding-time may contribute to meat toughening. Sun and Holley [20] noted that the tenderizing effect of HPP at low temperature only occurred in pre-rigor meat, while no benefits were found in post-rigor meat. Although the DFD beef used in this study were treated post-rigor, the meat pH remained higher than 6.0, which was more-likely normal meat in pre-rigor state. Macfarlane [21] reported that HPP at 103 MPa at low temperature resulted tender but less juicy than non-treated meat due to myofibrillar proteins disruption during pressurization and moisture loss during cooking. Cooking temperature and time also play a role on this matter. Vasanthi et al [22] reported significant decrease in shear force value of cooked buffalo meat with raw meat pH higher than 6.0 as temperature and cooking time increased. Thus, we suggest that the tenderizing effect of HPP also occurs to DFD beef which shows an advantage for under grade beef we used in this experiment.
Meat pH
The pH of HPP-treated samples was significantly higher than non-treated samples (p<0.05). The highest pH value was recorded in samples treated at either 400 Mpa or 600 MPa. Ma and Ledward [23] mentioned that the myofibrillar protein denatures under high pressure and at the same time, pressure increases ionization, sequestering free hydrogen ions and decreasing the acidic groups. The effect of HPP on meat pH in this study is in accordance with previous finding by McArdle et al [1] regardless the use of different temperature. However, there were no significant changes in meat pH (p>0.05) until 9 days of refrigerated storage under vacuum and no significant interaction was found ( Table 2) .
Surface color, myoglobin and TBARS value
Supplemental Figure 1 shows that HPP at 200 MPa modified the dark characteristic of DFD beef to be brighter and redder than control. This could be explained by their higher L* and a* values (Table 3) . HPP significantly led to higher lightness values (L*) than non-treated samples. DFD beef subjected to HPP at 600 MPa had the highest L* value than those subjected at 200 MPa and control (p<0.001). Although HPP seems to have discoloration effect to meat color in general, HPP at 200 MPa in this study increased the redness value (a*) by approximately 2 units than control. However, the redness decreased when the samples treated at 600 MPa. The increases of a* value were also found in beef biceps femoris, which were treated at pressure rate lower than 600 MPa [24] .
The discoloration effect was found in samples treated at 600 MPa in which the highest L* and b* values and hue-angle (h°) were recorded. The significant increase in b* value and hue-angle demonstrate the browning effect of high pressure on the surface of the meat. This was due to the accumulation of metmyoglobin, while significant decrease in proportion of oxymyoglobin was observed in samples treated at 600 MPa. HPP decreased the relative proportion of OxyMb, in contrast with MetMb. Changes in meat color due to pressurization are related to myoglobin denaturation. Zipp and Kauzmann [25] suggested that the complete myoglobin denaturation of meat with pH 6 was reached with pressurization rate of 350 MPa at 10°C or 450 MPa at 20°C. Then, a whitening effect on the surface of HPP-treated meat occurs as depolymerized actin starts to re-aggregate after the release of pressure, forming aggregates that enhance light scattering. Storage until 9 days significantly increased and decreased the proportions of MetMb and OxyMb (Figure 1) , respectively, resulting in the decline of redness on the surface of either nontreated or treated samples (p<0.001). Significant interactions between level of pressure and duration of storage were found on the relative proportion of MetMb and OxyMb (p<0.05). GSH-Px significantly. Miyagawa et al [28] distinguished four types of enzyme inactivation based on activity loss and recovery under pressure; completely and irreversibly inactivated, completely and reversibly inactivated, incompletely and irreversibly inactivated, and incompletely and reversibly inactivated. Our results suggest that catalase and SOD were incompletely and reversibly inactivated under high pressure.
Aroma pattern
In present study, the aroma pattern of DFD beef subjected to different level of HPP changed during refrigerated storage for 9 days under vacuum ( Figure 4) as TBARS values changed as well. About 99.93% of total variance was explained by first two components, in which the first (C1) and second component (C2) explain 96.31% and 3.62%, respectively. As the total variance contribution rate of the first two component of PCA is more than 85%, the model can be used to explain most of information. In addition, the successful discrimination model should have the index of 85% to 100% [29] . The discrimination index in this study (85%) shows that discrimination was achieved among samples. The aroma pattern of non-treated samples was always discriminated from samples subjected to HPP during storage. Because no changes in pH were detected during storage, another factor such as lipid oxidation might contribute to aroma changes. At day 9, the distances between treatments are closer as the TBARS values are not statistically different. Brewer and Vega [30] reported that lipid oxidation products such as pentanal and heptanal are responsible for off-odor released by oxidized ground beef.
CONCLUSION
The HPP at 15°C±2°C lowered the shear force value, modified the surface color of DFD beef and maintained the stability of meat pH during refrigerated storage under vacuum. However, the oxidative deterioration such as metmyoglobin formation, lipid oxidation, the decline rate of antioxidant enzyme activity and changes in aroma pattern could not be avoided during storage. HPP at 200 MPa is considered giving advantage in color modification of DFD beef with less oxidative deterioration. However, the occurrence of DFD beef is relatively rare nowadays and HPP does not guarantee cost efficiency, thus this technology is not worth for preserving raw DFD beef.
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